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Abstract
Doping with Rare Earth Elements and Resultant Nano-inclusions on The Electrical
and Thermal Properties of the Mis-fit Layered Thermoelectric Oxide
Geoffroy Gauneau

Thermoelectric generators produce electricity by directly converting temperature differences into
electrical energy through Seebeck effect. Thermoelectric generators possess many unique features, such
as having no moving part and being very reliable with a relatively long lifespan once built. They are solidstate waste heat harvesters. With various waste heat available throughout many industries,
thermoelectric generators could offer economically competitive renewable energy. The current state of
the art thermoelectric materials includes materials with relatively toxic elements and must work under
vacuum, making them quite expensive to produce. Among the various thermoelectric materials, ceramic
oxides have been proved to be more chemically stable at high temperatures. Nevertheless, the
thermoelectric ceramic oxides do not yet reach the efficiency of the current state of the art materials.
Recent efforts have been made to improve the efficiency of ceramic oxide for their potential commercial
applications in the waste heat harvester. The present work encompasses the synthesis, characterization,
and analysis of p-type thermoelectric Ca3-xCo4O9+δ doped with rare earth elements. The sol-gel chemical
solution was applied to synthesize the precursor materials for ceramic oxide with homogeneous
chemistry. The results show that to a certain substitution level, doping rare-earth element decreases the
thermal conductivity and improves the thermoelectric properties of the oxide thermoelectric materials.
Meanwhile, doping also introduces the formation of nano-inclusions that is highly desirable for
thermoelectric materials. The formation mechanism of the nano-inclusions and their resultant impact on
the electrical and thermal properties of the misfit layered oxide is systematically investigated through this
thesis work.
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Chapter 1: Introduction and Background Review of
Thermoelectric Power Generation
1.1 Historical Background
The principle of thermoelectric power generation is a concept that first appears at the beginning
of the 19th century. Thomas Johann Seebeck, born in 1770 is the first person to observe the thermoelectric
effect. After being accepted as a member of the Prussian Academy of Sciences and the German Academy
of Natural Scientist (Leopoldina), Seebeck is working on the magnetism of the galvanic series when he
ends up discovering the thermoelectric effect in 1821. Seebeck’s published work; originally entitled
“Magnetische Polarisation der Metalle und Erze durch Temperaturdifferenz” which translates in English
to “Magnetic Polarization of The Metals and Ores by Temperature Difference” describes experiments
where he connects a piece of metal to a piece of copper. The setup of his first experiments consist of
connecting a disk made of either bismuth or antimony to one terminal of a spiral copper wire, which has
on his center a compass. When putting the compass on the center of the spiral copper wire, Seebeck
observes a deflection of the needle’s compass. Deflection, which is, in the case of bismuth opposite to the
one of antimony 1 . The following figure illustrates Seebeck’s experimental set up for connecting the
bismuth (B) disk to the copper wire (K).

F IGURE 1.1 SEEBECK’ S E XPERIMENTAL SETUP FOR C ONNECTING BISMUTH (B) TO C OPPER (K)

In further experiments, Seebeck connects two different metal stripes together at their ends then
places a compass needle in the center. This set up does not result in any deflection until Seebeck touches,
by hand, one junction and observes a deflection. Which is increasing with increasing warming-up time.
From these experiments, Seebeck concludes that the contact of the two metals generates an electric field,
directly related to the magnetic field. Typically, the field present at the two contacts cancels out each
other, which corresponds to the needle being immobile. However, when Seebeck touches the contact by
hand, it creates a temperature difference, which leads to a breach in the equilibrium of the two fields at
the joints, and ultimately causes the needle’s deflection. Seebeck observes different deflection directions
depending on the material combination. This material property, named after Seebeck, introduces a new
material parameter, the Seebeck coefficient, also known as thermoelectric power and thermopower. It
also introduces a new term, the Seebeck effect, which refers to the generation of an electrical current
from a temperature gradient2.
In 1834, Jean Charles Athanase Peltier finds that it is possible to produce heating or cooling by
applying an electrical current at the junction of two dissimilar metals. Four years later, Lenz shows that
producing heat or removing heat depends on the direction of the current. In addition, the heat created or
absorbed is proportional to the electrical current, which gives a proportionality constant, the Peltier
coefficient3.
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In the 19th century, scientists are looking into the generator’s efficiency. They identify that the
generator’s efficiency not only depends on the materials used but also the generator’s construction. In
1909, engineer Edmund Altenkirch mathematically expresses the relationship defining the efficiency of a
thermoelectric generator using physical properties of thermoelectric materials. Mathematical expression,
which includes the electromotive force, thermal and electrical resistance (or conductivity), and other
parameters and variables. Between the years of 1949 and 1956 Russian scientist, Abram Fedorovich Ioffe,
manages to integrate those parameters into a new parameter, the Ioffe’s parameter Z.

𝑍 = 𝛼 2.

𝜎
𝜆

(1)

1

In this equation, Z is the Ioffe’s parameter (with units ), 𝛼 is the electromotive force (thermoelectric
𝐾
power, or Seebeck coefficient) of the thermoelectric device, 𝜎 is the electric conductivity of the
thermoelectric material pair, and 𝜆 is the thermal conductivity of the thermoelectric material pair. The
most important characteristic, according to Ioffe is the parameter Z. Ioffe’s concept of the “ideal”
thermoelectric device correspond to a combination of two materials in perfect contact with each other.
Thus, the performance evaluation of thermoelectric materials pairs is also possible using the parameter
Z.
Now called “figure of merit”, the parameter Z is the most important aspect of a thermoelectric
material. The figure of merit is conventional to express the capacity of thermoelectric materials for both
the generation of electricity from a temperature difference, and the generation of cold. In order to make
comparison easier between thermoelectric materials, scientists and engineers express their performance
as the product of the figure of merit Z and the temperature T. Indeed, as the material’s properties,
electrical conductivity, thermal conductivity, and electromotive force vary depending on the temperature
of the material4,5. It will not be until 1929 that Abram F. Ioffe shows that a thermoelectric generator can
reach an efficiency as high as 5%6.

1.2 Background: Principles, Needs and Different Fields of Application
Thermoelectric power generation is possible due to thermoelectricity, also called PeltierSeebeck effect. Thermoelectricity is the direct conversion of heat into electricity, called the Seebeck
effect, or electricity into heat, called Peltier effect. When two metals are placed in electric contact,
electrons flow out of the material having electrons less bound into the other. The bound is described by
the location of what is called the Fermi level of electrons in the material 7.
The Fermi level is defined as the energy level which is occupied by the electron orbital at absolute
zero (0K). The level of occupancy rules the conductivity of different materials. For solid materials like
metals, the orbital occupancy is calculated by making an approximation based on the lattice structure.
Combining the orbital occupancies and the energy levels determines if a material is a conductor, a semiconductor, or an insulator. The orbitals are classified according to their energies. Lower energy orbitals
combine and form the valence electron band, while the higher energy orbitals combine and form the
conduction band. An energy gap is present between both valence and conduction band, the larger the
gap, the more energy is necessary to transfer the electron from the valence band to the conduction band.
An energy band diagram is used to illustrate the energy band and visualize the energy gap. As shown in
Figure 1.2, the upper box illustrates the conduction band, while the lower box is the valence band, and
the yellow area represents the occupancy of the electrons. To conduct electricity, an electron must make
a transition into another state since electrons cannot occupy the same quantum states. If an electron is
not able to make such transition, the electron cannot conduct electricity. The conductivity of a material

3

can be determined from the energy diagram. On Figure 1.2 below, from right to left, there is an insulator,
with a large energy gap, meaning it is harder to cross the gap for the electron. A semiconductor, with a
small energy gap, meaning although conducting electricity will be difficult, it is possible. Lastly, a
conductor, with the conduction band overlapping the valence band, making the energy required for an
electron transition very little.

F IGURE 1.2 E NERGY B AND DIAGRAM FOR ( FROM RIGHT TO LEFT) AN INSULATOR , A SEMI-C ONDUCTOR , AND A C ONDUCTOR 8.

Both the temperature and the purity of the material play an important role in the conductivity of
the material. Temperature has an immediate effect on how the energy states are populated. As the
temperature increases, the conduction band level population becomes more accessible. Purity-defect
atoms with excess electron(s) bring the Fermi level up, thus making the jump to the conduction band
easier for electrons. This means that semi-conductors have an easier access to the conduction band, and
therefore can conduct electricity using energy9,10.
To understand the principle of thermoelectricity, electric potential and electromotive force need
to be discussed. The concept of electric potential is described as the amount of work needed to move a
unit charge from a reference point, to a specific point, against an electric field. Potential energy, for
positive charges, increases when moving against an electric field, and decreases when moving with the
electric field. For negative charges, potential energy decreases when moving against an electric field and
increases when moving with the electric field. It is important to note that only differences in potential
energy are measurable and are measured in joules per coulomb (volts)11. Electromotive force (emf) is
defined as, energy per unit electric charge that is transmitted by an energy source (electric generator,
battery, etc). As energy is converted from one form to another by the energy source, the device does
internal work on transferring the electric charge, leading to one terminal to be positively charged while
the other negatively charged. The electromotive force is the work done on a unit of electric charge. Notice
that electromotive force is not really a force, it is usually measured in volts 12.
When two different metals are put into contact, the flow of electrons continues until the change
in electric potential brings the Fermi levels of each metal to the same value. Therefore, if two different
metals are used to make a closed circuit, there will be no net electromotive force in the circuit, as the two
contact potentials oppose each other, and no current will flow. If the temperature of one of the junctions
is increased with respect to the other, there is a net electromotive force generated in the circuit, as it is
very unlikely for two different metals to have Fermi levels with equivalent temperature dependence. Heat
must enter the hot junction and leave the cold junction to maintain the temperature difference. The
generation of a thermal electromotive force is the Seebeck effect. The Peltier effect is the release or
absorption of heat at a junction in which there is an electric current. Both effects also occur at the junction
of metal – semi-conductor and two semi-conductorsv.

4

There are two distinct types of semi-conductors used in thermoelectric technology, p-type and ntype. P-type semiconductors are materials, usually doped, such that the Seebeck coefficient is positive,
meaning the charge carriers are positive (holes). Similarly, n-type materials are semiconductors, usually
doped, such that the Seebeck coefficient is negative, meaning the charge carriers are negative (electrons).
When materials from each type are electrically connected, holes in the p-type element that are positively
charged, feel the mobile electrons in the n-type element and start migrating to the other side of the
material. As long as a heat gradient is applied and the two elements electrically connected, current will
flow, and a flow of electron will occur as shown below in Figure 1.3.

F IGURE 1.3 N- TYPE AND P-TYPE M ATERIALS C ONNECTED E LECTRICALLY WITH HEAT GRADIENT APPLIED13

When a p-type and n-type are put together they form a thermocouple. Thermocouples have a
wide range of application, but this type of thermocouple is designed to produce electricity from
temperature differences. The typical design for a thermocouple can be seen in Figure 1.4. There are more
parts than simply the n-type and p-type elements.

5

F IGURE 1.4 SCHEMATIC OF A T HERMOCOUPLE WITH ITS PARTS 14

As illustrated in Figure 1.4, the p-type and n-type legs of the thermocouple are only two out of
eight parts making the thermocouple. Almost as crucial as the p and n-type legs, are the heat source and
the heat sink, without which the temperature difference could not be maintained, they ensure the heat
absorption and the heat dissipation on the hot and cold ends of the device. The ceramic plates are heat
exchangers. Ceramic plates are great heat exchangers and great electrical insulators. It is very important
to have an electrical insulator above and under each of the interconnect pieces that connects two legs
together so that the thermocouple can be connected in series. The reason for this is because a single
thermocouple does not give out much power, therefore, multiple thermocouples are connected. The
thermocouples are electrically connected in series with interconnect parts (as shown on Figure 1.4), and
thermally connected in parallel with the ceramic parts (usually plates, as shown on Figure 1.4). Figure 1.5
below, shows what is called a module, a combination of multiple thermocouples.

F IGURE 1.5 SCHEMATIC OF A T HERMOELECTRIC MODULE COMPRISED OF MULTIPLE T HERMOCOUPLES 15
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The design of an efficient thermoelectric module does not only depend on how good the p-type
and n-type materials are, but also how good the properties of the metal interconnects and the ceramic
heat exchanger plate are. Thermoelectric generators can have multiple modules depending on the shape
of the heat source.
Thermoelectric generators are and have been used for a few decades already. Thermoelectric
generators have been used in space crafts for a few decades, as they provide a steady source of energy
when sunlight is unavailable for solar panel to function. More precisely, radioisotope thermoelectric
generators (RTGs), using radioactive material as their heat source. Most RTGs use plutonium 238. As
thermoelectric generators have no moving parts, they are very reliable sources of power. The only
instance where a thermoelectric generator was seen to stop working was due to its heat source’s fuel
running out. The space applications for thermoelectric generators extend to planetary exploration as well.
Rovers and different landers that have been sent to other planets such as Mars, use thermoelectric
generators as their source (primary or secondary) of energy 16. Thermoelectric generators have a wide
variety of applications as they each have a temperature at which there are the most efficient. The
thermoelectric effect has been widely used for its cooling applications, for cooling seats technology in
high end manufacturing cars 17. The thermoelectric technology is also used in solar-driven thermoelectric
generators for electricity production 18 , some have even started investigating using thermoelectric
generator in wearables19, and medical implants20, using the body as a source of heat. The thermoelectric
effect is also used in thermocouples in order to measure the temperature. They are efficient in the sense
that some of the semiconductors used in those thermocouple are stable at really high temperatures.
This work focuses on high temperature thermoelectric materials, which has as main application
the recovery of waste heat in the manufacturing industry and in the transportation industry. Interesting
work has been conducted by Zhang, Y., et al. on how integrating thermoelectric modules on the exhaust
of a car can improve the efficiency of the entire system. Their work shows promising results while using
high-efficiency nanostructured thermoelectric materials21.
The need for more efficient TEG is mostly driven by the energy transition to renewable energy
and less polluting sources of energy. As the TEG can be used on any source of heat, it is a great mean to
recover several kinds of waste heat in a wide range of industry. The potential for waste heat was studied
by researchers, and their results show available waste heat in a wide range of industry, as the figure below
displays, from transportation to power generation, or even the manufacturing industry22.
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F IGURE 1.6 SCHEMATIC ESTIMATED W ORLD ENERGY USE OF 2012 IN PJ – EXCLUDING FUEL PROCESSING AND NON -ENERGY
USE (T OTAL CONSUMPTION OF PRIMARY CARRIERS : 474.171PJ) 22

1.3 Background: Thermoelectric Properties, How to Measure and Understand
Them
In the case of this study, the goal is to maximize the power output, the efficiency of the conversion
of heat into electrical current. In order to get the largest power output, there are three main properties
to optimize, the Seebeck coefficient, the electrical conductivity, and the thermal conductivity. The
following equation of the dimensionless figure of merit ZT shows how those three properties affect the
performance of the thermoelectric material.

𝑆2 · 𝜎
𝑍𝑇 =
𝑇
𝜆

(2)

Where ZT is the dimensionless figure of merit, S is the Seebeck coefficient (can also be written as α), σ is
the electrical conductivity, λ is the thermal conductivity, and T is the temperature at which the figure of
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merit is calculated. The figure of merit increases as the Seebeck coefficient increases, as the electrical
conductivity increases, and as the thermal conductivity decreases. One would think increasing the
Seebeck coefficient could be enough to increase the figure of merit of the material or increasing the
electrical conductivity. Unfortunately, those three properties are interconnected. Thermoelectric
materials are usually made of semiconductors. Semiconductors are materials that have a charge carrier
density in between the charge carrier density of insulators and metals (conductors). The figure below
illustrates the behavior of the three previously mentioned properties according to the charge carrier
density, where zT is the figure of merit, k is the thermal conductivity, k L is the lattice contribution to the
thermal conductivity, σ is the electrical conductivity, and α is the Seebeck coefficient (thermopower).

F IGURE 1.7 BEHAVIOR OF T HE FIGURE OF MERIT, THE E LECTRICAL CONDUCTIVITY , T HE T HERMAL CONDUCTIVITY AND T HE
S EEBECK C OEFFICIENT A CCORDING TO THEIR C HARGE CARRIER D ENSITIES 23

In order to understand the relationship between those properties, it is crucial to understand how
they individually work.
The electrical conductivity can be described as how much voltage is needed to get an amount of
electric current to flow. Mainly determined by the number of electrons in the outermost shell, they
regulate the ease with which mobile electrons are generated. Another less important factor, is the number
of atoms per unit volume, which rules the number of electrons that will readily move in response to an
electric field24. The electrical conductivity relates directly to the electrical resistivity, which is commonly
used in the field of thermoelectric materials, by the following equation.

𝜎=

1
= 𝑛𝑒𝜇
𝜌

(3)

Where, ρ is the electrical resistivity, n is the density of charge carrier, e is the electronic charge and μ is
their drift mobility. According to that equation, materials with high density of charge carrier will have
higher electrical conductivity, just like materials with high carrier mobility. In the case of thermoelectric
materials, it is easier to use the resistivity as according to Mathiessen’s Rule, resistivities from different
electron scattering events typically add. In metals and heavily doped semiconductors, the resistivity is
temperature dependent, and it follows the following form
−∆𝐸

𝜌 = 𝜌0 + 𝜌1 𝑇 + 𝜌𝑔𝑏 𝑒 𝑘𝐵 𝑇

(4)
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In this equation, 𝜌0 is the resistivity from neutral impurities, dislocations, and neutral grain boundaries;
−∆𝐸

𝜌1 𝑇 is the resistivity from the phonon scattering (atom vibration), and 𝜌𝑔𝑏 𝑒 𝑘𝐵𝑇 corresponds to a thermally
activated resistivity observed at charged grain boundaries.
The general principle of measuring electrical resistivity can be understood from the following
figure. Figure 1.8 displays how the DC four-terminal measurement technique used in this research to
calculate the electrical resistivity.

F IGURE 1.8 ELECTRICAL RESISTIVITY MEASUREMENT PRINCIPLE (DC FOUR -TERMINAL MEASUREMENT TECHNIQUE )25

The schematic above depicts a system under thermal equilibrium, meaning ΔT = 0, where a constant direct
current (IDC) is applied to the sample using the upper and lower electrode. The voltage drop (VΩ) is then
measured over the distance t. Based on the sample’s dimensions, the acquired data, and the following
equation, the electrical resistivity or conductivity can be calculated.
𝜌=

𝑉Ω 𝐴
∙
𝐼𝐷𝐶 𝑡

(5)

Due to the electrode and sample’s dimension, a one-dimensional current flow within the sample can be
assumedError! Bookmark not defined..
The Seebeck coefficient, also called thermopower, is defined as the Seebeck voltage per unit of
temperature. It is a material’s property and its units are Volt per Kelvin (V/K), but this alone cannot explain
entirely the Seebeck coefficient as it has both positive and negative value for different materials. The
elemental solid-state physics is rather complex, but the phenomenon is well understood 26. The Seebeck
effect is possible because electrons are carrier of both electricity and heat, meaning that the Seebeck
current arises from thermal diffusion 27 . For example, if a temperature gradient is applied over a
conductive wire, there will be a net electron diffusion from the hot end to the cold end. Moreover, as
mentioned earlier, the Seebeck coefficient can be negative and positive, this is due to the fact that some
materials have a majority of electrons, making them n-type semiconductors, and some materials have a
majority of “holes”, making them p-type semiconductors. Another simple way to understand the positive
and negative sign is that S is positive when the direction of the electric current is the same as the direction
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of the thermal current. Meaning, in n-type materials, the directions of the electric current and thermal
current are opposite to each other 28. There are two kinds of Seebeck coefficient, the phenomenological
Seebeck coefficient, and the theoretical Seebeck coefficient. The latter is the calculated coefficient while
the first is the measured coefficient. The phenomenological Seebeck coefficient can be easily described
with the following equation29.

𝑆=

𝑉
𝑇1 − 𝑇2

(6)

While the phenomenological Seebeck coefficient can be simply described, the theoretical Seebeck
coefficient has many different equations. A comprehensive way to express the theoretical Seebeck
coefficient is with the following equation27.

𝑆= (

2ln (2)
) (𝑞𝑛)−1 𝜖𝐹 𝑘𝐵 (ℵ0 ⁄𝑉)
3

(7)

In this equation, q is the charge carrier, n is the carrier density, 𝜖𝐹 is the Fermi energy, ℵ0 is the density
of state at the Fermi energy, and V is the volume. Together, the electrical conductivity with the squared
Seebeck coefficient, a new term is formed, called the power factor, PF. Both the Seebeck and electrical
conductivity depend on the Fermi level, which itself depends on the carrier concentration, the carrier
effective mass, and the temperature. Meaning that a change in carrier concentration manifest itself in the
figure of merit zT through the power factor 30.
Experimentally, there are different technique used to measure the Seebeck coefficient, the
method used in this research is based on the principle illustrated by equation 6: measuring the
electromotive force over a temperature gradient. The figure below illustrates such measurement.

F IGURE 1.9 SEEBECK C OEFFICIENT MEASUREMENT PRINCIPLE XXV

The experimental set up displayed in Figure 1.9 is inside a heating chamber controlling the
system’s temperature for a specific Seebeck coefficient value. The upper and lower probes are designed
in order to apply a predefined temperature gradient over the sample. Two thermocouples measure the
temperature at two locations on the sample (T 1 and T2), while one of the thermocouples also measures
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the electromotive force that occurs (Vth). Based on this measured data and the following equation, the
Seebeck coefficient can be measuredError! Bookmark not defined..

𝑆=

−𝑉𝑡ℎ
𝑇2 − 𝑇1

(8)

The last property in the figure of merit zT is the thermal conductivity referred to as λ in equation
2 but commonly referred to as k. The thermal conductivity is defined as the capacity of a given material
to conduct or transfer heat. Shown below is the differential form of Fourier’s law of thermal conduction,
it shows how the thermal conductivity is related to the heat flux.

𝑞 = −𝑘 ∆𝑇

(9)

Where q is the heat flux, k is the thermal conductivity and ΔT is the temperature gradient. As every
substance has its own thermal conductivity, the equation can be changed to calculate the thermal
conductivity as follow.

𝑘=

𝑄𝐿
𝐴∆𝑇

(10)

Where Q is the amount of heat transferred through the material expressed in Joules / seconds or Watts,
L is the distance between two isothermal planes in meters, A is the area of the surface in squared meters,
ΔT is the temperature gradient in Kelvin, and k is the thermal conductivity in 𝑊 ⁄𝑚. 𝐾 31.
As mentioned earlier, electrons are carrier of both electricity and heat, meaning that there will be
part of the thermal conductivity that will results from the electrons in the material. The electronic
contribution to the thermal conductivity can be calculated with the following formula.

𝑘𝑒𝑙 =

𝐿𝑜 𝑇
𝜌

(11)

Where T is the temperature, ρ is the electrical resistivity, and Lo is the Lorenz Number calculated from
𝐿𝑜 = (𝜋 2 ⁄3). (𝑘𝐵 ⁄𝑒)2 . The other contribution for the thermal conductivity is from the lattice, k l. Joined
with the electronic contribution, they form the thermal conductivity.

𝑘 = 𝑘𝑙 + 𝑘𝑒𝑙

(12)

In most doped semiconductors, the lattice contribution dominates over the electronic contribution.
Meaning that in order to improve the thermoelectric properties of a doped semiconductor, one approach
is to lower the lattice thermal conductivity30.
Phonons can be scattered by impurities, crystal defects and grain boundaries. It is known that the
frequency of the thermal vibration affects the contribution of the lattice thermal conductivity. As the
vibration goes from harmonic to anharmonic, the mean free path of the phonons is decreasing. The
vibration becomes anharmonic as the temperature rises above 0K, meaning that the mean free path is
inversely proportional to the temperature. As the temperature rises, the vibration becomes more
anharmonic and the mean free path decrease. The lattice contribution of the thermal conductivity is
expected to reduce as the temperature increases. This leads to the fact that the lattice contribution of the
thermal conductivity is directly related to the grain size and the mean free path. As the mean free path
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decreases below the grain size, kl is reduced32. Finding the balance between grain size and grain boundary
density is a good way to reduce the thermal conductivity.
There are two types of techniques to measure the thermal conductivity, transient and steady
state. Steady state methods are when the temperature does not change with time, making the experiment
straight forward, but relatively slow as the set up for such experiments can be complicated and only one
temperature point is measured by experiment. An example of a steady state method for measuring the
thermal conductivity is the Sealer’s bar method. On the other hand, the transient method consists of
measurements taken as the temperature increases. The disadvantage of this method is that it makes
analyzing the data harder, but measurements can be taken faster and over a much wider range. Such
methods include the transient line source method, or the laser flash method, which is the method used
in this research31.

1.4 Background Review: State of the Art Thermoelectric Materials
There are currently a wide variety of materials used for both n-type and p-type materials, as
properties of semiconductors, and most material’s properties vary with temperature. The currently most
used materials in thermoelectric technology are Bi 2 Te3 and Sb2 Te3, both materials have one of the best
figures of merit near room temperature which makes them great for the current and first applications of
thermoelectricity33. The figure of merit, the unit used to express the capacity of thermoelectric materials
for both the generation of electricity from a temperature difference and the generation of cold, of some
of the current state of the art n-type and p-type materials graphed according to increasing temperature
is shown in Figure 1.10.

F IGURE 1.10 SOME OF THE N- TYPE ( A) AND P- TYPE ( B) S TATE - OF- THE -ART M ATERIALS XI

A brief review of some of the state-of-the-art thermoelectric materials show that some of the best
materials have been improved through nano-inclusions. Indeed, the following show how the
thermoelectric properties of Bismuth Telluride have been improved into Bismuth Antimony Telluride bulk
alloys through nano structuring. The zT is improved throughout the entire temperature range due to lower
electrical resistivity and lower thermal conductivity.
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Figure 1.11 Results from Nano Structuring Bismuth Telluride34

Another material that has been successfully improved through is Silicon Germanium. Through
doping and nano-inclusions of Yttrium Oxide, researchers were able to drastically improve the figure of
merit of the thermoelectric material. Mostly due to the thermal conductivity reduction over the entire
temperature range.

Figure 1.12 Results from Yttrium Oxide Nano Inclusions into Silicon Germanium35

1.5 Summary
In this chapter, a background introduction on thermoelectric technology is given. Thomas J.
Seebeck discovers the thermoelectric effect in 1821, while Peltier discovers the Peltier effect in 1834. The
thermoelectric effect discovered by Seebeck is the generation of an electrical current from a temperature
gradient while the Peltier effect describes the generation of heat or cooling from a supplied electrical
current. Both results from the thermoelectric effect. The figure of merit is introduced, as the mean to rate
the thermoelectric potential of a material for either generation of electricity from a temperature gradient
or for the generation of heat or cooling from a supplied electric current. The thermoelectric properties
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that make up the figure of merit zT are introduced, the electrical resistivity, the thermal conductivity and
the Seebeck coefficient. Their interconnected nature is also discussed as semiconductors have a charge
carrier density in between the one of metals and insulators. The potential high temperature waste heat
recovery concerns mainly the transport industry, the power generation industry and the manufacturing
industry but is present in all industries. Lastly, it was shown that the state of the art thermoelectric
materials have been successfully improved in the last decades through nano-inclusions and nano
structuring.
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Chapter 2: Thermoelectric Ca3 Co4 O9 Background and State-of-

the-Art
2.1 Ca3 Co4 O9: Background, Phase Diagram and Structure
The interest in oxide materials, and particularly layered oxides arose from several discoveries in
the past decades. The interest in oxides rises from the need of more stable material for use in air at higher
temperatures.
In 1970, Woermann and Muan were studying the role of trivalent cobalt in oxide phases and
published the first phase diagram for the CaO – CoO system in air. The paper studies the equilibria
involving the two phases 3CaO.2Co2O3 and 3CaO.Co2O3 in air. Below is the phase diagram published by
Woermann and Muan in 1970. The phase Ca3 Co4 O9 that is studied in this research is present but always
with a secondary phase36.

F IGURE 2.1 P HASE E QUILIBRIA IN THE S YSTEM CA O – C OBALT OXIDE IN AIR (W OERMANN & M UAN , 1970) XXXII
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The interest in the layered oxides was first seen when researchers were working on high
temperature superconductors (HTSC). The first layered oxide to be more broadly studied is Na Co 2 O4,
which consist of a CoO2 layer and a half-filled Na layer stacked along the c-axis. As this material was studied
for its possible HTSC properties, a large thermoelectric power and low electrical resistivity were
discovered, as well as the anisotropic nature of the layered material 37.
Following this discovery, even more interest was given to layered oxides, partly also due to their
good stability for use in air at high temperature and strongly anisotropic properties. Na Co2 O4 was found
to be a good thermoelectric material but when the temperature reaches 800°C, the sodium becomes
volatile and the performance drops. Therefore, other oxide systems were needed, and layered oxides
became of interest for thermoelectric application.
The most recent phase diagrams regarding the calcium cobalt oxide system show with more
precision how to obtain the Ca3 Co4 O9+δ phase. Indeed, the experimental procedures have improved since
the first 1970 phase diagram, and it was also discovered to be stable at even higher temperature when
sintered in an oxygen environment. Work published by Sedmidubský et al. in 2012 regarding the Ca-Co-O
system shows two updated phase diagrams in an attempt to assess the thermodynamic quantities of the
involved phases. Using the program FactSage, they were able to compile their experimental data with
available literature data to produce the phase diagrams. As the Ca-Co-O system can be considered closed
for Ca and Co, it should be considered open for O, as oxygen is present in air. Therefore, in their work,
there were three variables, temperature, cation concentration and oxygen partial pressure. The phase
diagrams resulting from their work are showed in the figures below, where Figure 2.2 depicts the phase
diagram in air and Figure 2.3, in oxygen atmosphere38.

F IGURE 2.2 P HASE E QUILIBRIA IN THE S YSTEM C A – C O – O IN AIR ATMOSPHERE XXXIV
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F IGURE 2.3 P HASE E QUILIBRIA IN THE S YSTEM C A – C O – O IN OXYGEN ATMOSPHERE 38

In this study, the ideal phase is Ca3 Co3.9 O9.3. Sintering in oxygen instead of air results in the material being
stable at higher temperature. Indeed, the ideal phase is stable up to 1206K when sintered in air while it is
stable up to 1264K when sintered in oxygen atmosphere.
The Ca3 Co3.9 O9.3 phase studied in the work discussed previously is close to the nominal Ca 3 Co4
O9 phase discussed in this research, which correspond to the material if we assume stoichiometry and
that each individual layer is free of cations. In fact, the calcium cobalt oxide as studied here is nonstoichiometric, as the material interacts with the oxygen in the air atmosphere. It has been showed by
Karpinnen et al. that the material contains oxygen vacancies, which confirmed the non-stoichiometric
nature of the material. Moreover, they found that using oxygen atmosphere during synthetization reduces
considerably the amount of oxygen vacancies within the material. Their work was not able to precisely
find which layer had the oxygen vacancies39.
The crystal structure of the Ca3 Co4 O9+δ material can be described as a misfit super lattice
composed of 2 sublayers. Each layer is stacked along the c-axis alternating a CdI2-type [CoO2] layer and a
triple rock salt-type [Ca2CoO3] layer. To better describe the presence of both lattices, it can be written as
[Ca2CoO3](b2/b1)[CoO2], where b1 and b2 are the two different lattice parameter. It should be noted that
the [CoO2] layer is considered to be responsible for the electrical conduction within the material, while
the [Ca2CoO3] layer is deemed as a charge reservoir to feed charge carried into the [CoO2] layer40,41,42. The
resulting crystal structure of the material is shown in the figure below.
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F IGURE 2.4 C A3 C O4 O9+ Δ C RYSTAL S TRUCTURE 43

The performance of this material varies depending on the crystalline structure. Indeed, the single
crystal Ca3 Co4 O9+δ outperforms the polycrystalline form of the material. It has been reported to reach a
figure of merit of 0.87 at 973K44. While the latest state of the art polycrystalline Ca3 Co4 O9+δ reaches a
figure of merit of 0.73 at 800K45.

2.2 Ca3 Co4 O9: Previous Work and State-of-the-Art
Multiple approaches have been taken in order to improve the thermoelectric properties of Ca 3
Co4 O9+δ. One of the first method used to improve the thermoelectric properties of Ca 3 Co4 O9+δ is to
manipulate the microstructure of the material. Considering that that the three properties that define how
good a thermoelectric material is are interconnected and can hardly all be optimized at the same time;
several methods to tune the microstructure have been studied by research groups over the past decades.
The tuning of the microstructure mainly consists of optimizing the grain size and grain
alignment through changing the experimental procedure’s parameters and through manipulating the
chemical composition of the material. Both ways yield improved thermoelectric properties individually,
this research uses a combination of all these findings in hope to achieve a more efficient material.
It has been reported that the grain alignment can be improved through both changing the
experimental procedure’s parameters and through manipulating the chemical composition of the
material. Techniques to improve the grain alignment and control the grain size include the following.
Changing the calcination temperature of the bulk powder in order to achieve the final CCO phase with the
smallest possible grain size, which, followed by cold uni-axial pressing, has led to improved grain
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alignment after sintering and ultimately improved TE properties 46. Wannasut et al. have published work
showing that the sintering temperature also affects the grain alignment and the TE properties47. Other
researchers have opted for the Spark Plasma Sintering (SPS) in order to achieve more textured samples 48,
sometimes also combined with using smaller grain-sized precursor material, which have both shown to
improve the grain alignment, the TE properties, and also allowing for a slight control over the grain size 49.
Sotela et al. have shown that the TE performance of the material was also dependent of both the
precursor homogeneity and the initial grain size, confirming the previously mentioned work 50 . A
combination of two methods has also shown improved the texture and hence the TE performance, Hot
Pressing technique (HP) and the Templated Grain Growth (TGG) 51 . Reactive Templated Grain Growth
(RTGG) combined with tape casting method have resulted in even better TE properties with improved
grain alignment52. Stoichiometric doping has shown improved TE properties and grain alignment 53, while
non-stoichiometric addition of an oversized dopant has also shown improved TE properties due the
induced grain boundary segregation of the dopant 54 . The last method, magnetic alignment, is less
common than the previously mentioned methods, but has shown to improve the grain alignment and to
also densify the material55,56.
The current state-of-the-art Ca3 Co4 O9+δ material has achieved in its polycrystalline form a
figure of merit higher than the one of single crystal. A first for this material. Researchers were able to
achieve such performance through stoichiometric substitution of the Calcium site by a rare earth element
combined with non-stoichiometric addition of Bismuth. For the following chemical composition,
Ca2.95Tb0.05Co4O9+δBi0.25 they were able to achieve a peak figure of merit of 0.9 at 1073K. The following
figure displays the main findings from their work.

F IGURE 2.5 M AIN RESULTS FROM STATE -OF -THE -ART C A3CO 4 O9+ Δ MATERIAL 57

Other attempts have been made to improve the thermoelectric properties of the Calcium Cobalt
Oxide material using nano-inclusions, either added or that resulted from doping. Most of which have not
been successful in improving the TE properties. The previous best attempt at increasing the TE
properties of the Calcium Cobalt Oxide is a dual Silver and Lutetium doping of the Calcium site, which
resulted in the formation of Silver-rich grains. The Silver did not get into the CCO lattice while the
Lutetium did, simultaneously improving the thermoelectric properties and reaching a peak figure of
merit of 0.61 at 1118K. the following figure displays the main results from this work.
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F IGURE 2.6 M AIN RESULTS FROM D UAL DOPING OF THE C ALCIUM SITE WITH SILVER AND LUTETIUM58

Unfortunately, all previous work with nano-inclusions resulted in large nano-inclusion, not
relatively dense with uncontrollable density distribution. Meaning the results are not significant in the
improvement of the thermoelectric properties.

2.3 Ca3 Co4 O9: Previous Work with Rare Earth Element Substitution
This work presents the effects of substituting calcium (Ca) by rare earth element cerium (Ce) on
the electrical and thermal properties of calcium cobaltite and its microstructure. Previous work on partial
substitution of Ca site have shown to change the TE properties of the material 59,60,61,62,63. It has been
reported that partial substitution of the Ca site by heavier ions, especially rare-earth elements, leads to
improved TE performance61,62,63Error! Bookmark not defined.. Substituting Ca site by rare earth element has shown
to systematically increase the resistivity of the material, while also increasing the Seebeck coefficient, and
reducing the thermal conductivity61,62,63. Previous work with Ce has been done, and the reported results
showed an enhancement in spin-entropy64,65. This enhancement in spin-entropy is believed to have a
positive effect on the TE properties of the material, as G.D. Tang, et al. reported, the Seebeck coefficient
is increased, and the thermal conductivity is reduced. Moreover, using Ce as substitute for Ca site also
leads to an increased electrical resistivity66. In addition, as mentioned earlier, the highest figure of merit
for the polycrystalline material that has been reported, was reached using Terbium as dopant, a rareearth element45.
The presence of nano particles was observed on some cerium doped samples from this work,
which is discussed in the later chapters. Something that has not been seen before when simply
substituting calcium with a rare earth element. Multiple approaches of the calcium cobaltite
enhancement have resulted in the presence of nano particles, such as silver addition 67, nano particles
addition (such as ZrO268, or SiC69), and calcium substitution for silver has also resulted in the presence of
nano particles 70.
Data concerning Cerium substitution for the Calcium site in the Ca3 Co4 O9+δ material is limited. In
fact, there are only two available papers discussing the matter. Both studies are in the low temperature
range, below 400K. The aim of the first study was to investigate the effect of Cerium doping on the spin
entropy, which concluded with strong evidence that the enhanced thermopower mainly originates from
enhancement of the spin entropy 71. While the second study involved the simultaneous doping of the
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Calcium site by Cerium and the Cobalt site by Nickel, with aim to study the thermoelectric properties at
low temperature. Neither work provided structural analysis images72.

2.4 Aim for Using Cerium as a Dopant in the Ca3-x Co4 O9+δ System
Based on the previous information about Ca substitution using rare earth elements, and the
introduction of nano-inclusions in some samples, the objectives of this work are to use conventional
methods without additional steps to induce dense nano-inclusions with controllable density distribution.
In order to improve the figure of merit of the polycrystalline Ca3 Co4 O9+δ to compete with state of the art
p-type materials and to overcome the lower figure of merit compared to the Ca3 Co4 O9+δ single crystal,
by attempting to simultaneously improve the thermoelectric properties. In addition, the formation
mechanism of nano-inclusions and their impact on the thermoelectric properties is systematically
investigated. The Cerium solubility limit in the Ca3 Co4 O9+δ is investigated, with the question of whether
Cerium oxide or Cobalt oxide will form.

2.5 Summary
In this chapter, the calcium cobalt oxide material studied in this research is introduced. The
material is a misfit layered ceramic oxide. It consists of two sub-layers of CoO2 and Ca2CoO3 stacked along
the c-axis. The material possesses anisotropic properties, meaning that depending on the plane, the
properties are different. It was shown that the current state of the art polycrystalline Ca 3 Co4 O9+δ based
material has surpassed the thermoelectric performance of the single crystal Ca3 Co4 O9+δ material (zT = 0.9
compared to zT = 0.9). Something that researchers have been seeking since the discovery of the relatively
high figure of merit of the single crystal. Work involving attempts to improve the thermoelectric
properties of the Ca3 Co4 O9+δ material through nano-inclusions has been reviewed and no significant
improvement due to the nano-inclusions can be reported. The nano-inclusions reviewed have shown to
be relatively rare (not dense) and with an uncontrollable density distribution. In addition, it was reported
that using rare earth element as dopant for the Calcium site in the Ca 3 Co4 O9+δ material can lower the
thermal conductivity. Work involving doping Cerium for the Calcium sire in the Ca 3 Co4 O9+δ material is
virtually inexistent, making Cerium an interesting candidate for Calcium substitution.
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Chapter 3: Experimental Procedures
3.1 Sample Preparation
The method used to prepare the samples in this research is axed on being conventional. Meaning,
the techniques used to prepare the samples are affordable and do not use sophisticated machines that
might be hard to use or expensive to purchase. The experimental method consist of mixing the elements
together in stochiometric ratio through sol-gel route; dry ashing the obtained gel, manual grinding of the
obtained powder, ball-milling of the powder, drying of the powder, calcination of the powder, additional
manual grinding of the resulting powder, pressing the powder into pellets, and finally sintering the pellets.
Each of these steps is crucial in obtaining the best thermoelectric properties and those steps will be
described below.
The sol-gel method is a wet chemical process to prepare metal oxides ceramics and glasses73. The
method is a wet chemical process that involves the formation of an inorganic colloidal suspension (sol)
and gelation of the sol in a continuous liquid phase (gel) to form a three-dimensional network structure74,
the process can also be described as the formation of an oxide network through polycondensation
reactions of a molecular precursor in a liquid75. A sol is a mixture of precursor or polymers in a solvent,
while a gel is a three-dimensional continuous network which encloses a liquid phase76. The sol-gel method
involves several steps, outlined in chronological order: hydrolysis and polycondensation, gelation, aging,
drying, densification, and crystallization77. Typically, the sol particles may interact by Van Der Waals forces
or hydrogen bonds. In most gel systems used for materials synthesis, the interactions are of covalent
nature and the gel process is irreversible. The gelation process may be reversible if other interactions are
involvedxxiv.
The sol-gel process emerged in 1921. In the 1960s, driven by the nuclear industry and the need
for new synthesis methods, its development escalated xxiii. As early as 1982, work related to the sol-gel
method was published by John D. Mackenzie outlining the comparison of former conventional methods
to obtain glass and the then new sol-gel method. The goal was to study the structure, microstructure, and
properties of the same materials with same chemical compositions and see if they differed. It was found
that the overall structure and properties of both materials prepared with the two different methods were
similar78. The sol-gel route possesses multiple advantages over other methods, advantages that can be
summarized as follows. Better homogeneity from raw materials, meaning that since mixing is with low
viscosity liquids, such as water, homogenization can be achieved at a molecular level in little time. Using
synthetic chemicals rather than minerals, also guarantees higher purity. The reactants, the synthetic
chemicals, are well mixed (mechanical stirring) in the solution, which means at the molecular level, one
can expect them to be also well-mixed when the gel is formed. When heating the gel, chemical reactions
will be facilitated and will require lower temperatures. Lowering the reaction temperatures leads to
lowering vaporization losses and minimizing reactions with both container and ambient atmosphere.
Lowering vaporization losses and reaction with ambient atmosphere, means a lower environmental
impact of the processes. Another advantage of lowering the temperatures, is suppressing phase
transformation at higher temperatures, permitting for the formation of ceramics and glasses which could
not normally be made. Lastly, lowering the temperature also saves energy and lowers energy cost xxvi,79.
Other advantages includes the ability of producing special products such as thin-film and aerogelxxiii,xxvi,xxvii.
The sol-gel process also has some disadvantages, for instance, high cost of some raw materials, shrinkage
during processing, and sometimes long processing times xxvi. The shrinkage and processing time can be
minimized through additional steps added in the processing. Figure 3.1 illustrates the common sol-gel
process, in our case the drying process is evaporative drying (dry ashing).
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F IGURE 3.1 REACTION P ATHWAY IN THE SOL -GEL METHOD80

In the present case, the precursor raw materials are Ca(NO3)2·4H2O, Co(NO3)2·6H2O, and
Ce(NO3)3·6H2O mixed in deionized water. Ethylene glycol and polyethylene glycol are used to polymerize
the solution. Nitric acid is added to induce nitrate salts decomposition and facilitate new compound
formation. Using the following chemical formula, Ca3-x Co4 O9+δ Cex, for chemical substitution of calcium
in the calcium cobalt oxide system (Ca3-x Co4 O9+δ Cex), the amount of each raw material is calculated. The
mixed solution is placed on a hot oil bath at 353K, with a mechanical stirring set up mixing the solution at
around 400 RPM. The mixed solution is stirred on the hot bath for three hours. 353K is the temperature
used when mixing around 5 grams of resulting powder (Ca3-x Co4 O9+δ Cex), for electrical measurement
purposes. Regarding thermal measurements, more powder is needed, the amount of chemicals used in
the procedure is doubled and the oil bath temperature is raised to 376K, resulting in twice the amount of
powder. The gel obtained is placed in ceramic crucibles and dry ashed in a box furnace at 773K for two
hours. The goal of the dry ashing process is the evaporation of volatile materials, and progressive oxidation
of the non-volatile residue to remove organic matter81. The resulting dry gel is then manually ground using
a mortar and pillar for a total grounding time of five minutes. The ground powder is then ball-milled in
ethyl alcohol for ten minutes and left to dry in a secured fume hood. Once the powder is dry, it is manually
ground again for a total grinding time of five minutes. The ground powder is placed in ceramic crucibles
and inserted into a tube furnace with controlled oxygen atmosphere, where the calcination process will
take place. The powder is heated to 923K for a total of four hours. Both the heating rate and cooling rate
are 10K/min. The aim of the calcination process is to remove all organic matter left in the powder while
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also reaching the desired phase of the materials. Ideally, the calcined powder is ground once more. The
grinding processes throughout the experimental method are to improve homogeneity in the final
materials. The calcined powder is uniaxially pressed into pellets under a pressure of 1GPa at room
temperature for 10 minutes. The aim of pressing the calcined powder at such high pressure, is to align the
grains as much as possible before the final heat treatment process. The size of the pellets and the final
shape of the sample both depend on the thermoelectric property that will be measured. After the pellets
are pressed, they are going through the final sintering process. The pellets are put on crucibles inside a
tube furnace with a controlled oxygen atmosphere. They are heated at 1233K for nine hours, with a
heating rate of 10K/min and a cooling rate of 4K/min. The slower cooling rate is to avoid cracks in the
samples. Once the pellets are sintered, their density is measured, and their microstructures is observed
using a light microscope at a magnification of x1000.

3.2 Thermoelectric Properties Measurements
When measuring the Seebeck coefficient and the electrical resistivity, the pellet pressed has a
9mm diameter and around a 2mm height. When measuring the thermal conductivity of the materials, the
pellets are pressed with 13mm diameter and around 14mm height. Each sample is cut, and polished if
need be, to fit the appropriated measuring machine. When measuring the Seebeck coefficient and the
electrical resistivity, samples are cut into a right rectangular prism. While when measuring the thermal
conductivity, the pellet is cut and polished into a vertical circular shape. Figure 3.2 illustrates the cutting
processes for each type of measurement with the sample’s dimensions at each steps of the process.
To measure the electrical resistivity and the Seebeck coefficient, a Linseis LSR-1100 is used. The
Seebeck machine consist of a four-probes set up with heating element on the top part. Two middle probes
are measuring the electrical resistivity while the top and bottom probes measure the relative Seebeck
coefficient. As discussed in the first chapter, measuring the absolute Seebeck coefficient directly is
difficult 82 , therefore the computer software uses platinum reference data to compute the absolute
Seebeck coefficient of our material. The measurements take place in a controlled low-pressure helium
(He) environment, with a measurement temperature range of 298K to 1073K for Ca3-x Co4 O9+δ Cex and
298K to 923K for Bi2 Ca2 Co2 O8. The software also returns the power factor of the material. The power
factor is calculated using the electrical resistivity and the Seeebeck coefficient using the following formula:
PF=S2/ρ.
To measure the thermal conductivity, a Linseis Laser Flash Analyzer 1200 (LFA) is used. The
machine consists of a chamber in which a reference sample is placed in a holder next to the experimental
sample in a different holder, both samples are coated using graphite to have the same optical properties.
The machine directly measures the thermal diffusivity and the specific heat from the sample and gives out
the thermal conductivity based on the following equation 𝑘 = 𝜆. 𝐶𝑝 . 𝜌𝑚 where 𝐶𝑝 , 𝜆, and 𝜌𝑚 are the
specific heat, thermal diffusivity, and mass density, respectively. The measurements range from 323K to
1073K for Ca3-x Co4 O9+δ Cex and from 323K to 923K for Bi2 Ca2 Co2 O8. The thermal conductivity is reported
by averaging a set of three measured values.
It is important to note that because both materials are anisotropic, meaning that they have
different properties depending on the axis of the material, the electrical resistivity and the thermal
conductivity are measured on different planes. Figure 3.3 illustrates how the thermal conductivity is
measured while Figure 3.4 shows how the Seebeck and electrical resistivity are measured.
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For Thermal Conductivity Measurement

Pressed Pellet

Vertically Cut Pellet

For Seebeck Coefficient and Electrical
Resistivity Measurement

Pressed Pellet

Cut Final Sample Shape

Polished Final Sample Shape
F IGURE 3.2 C UTTING AND POLISHING P ROCESSES FOR THE SAMPLES WITH THEIR D IMENSIONS FOR EACH MEASUREMENT .
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Thermal Conductivity Measurement

Sample Rotation

Measurement Direction
F IGURE 3.3 T HERMAL C ONDUCTIVITY MEASUREMENT SET U P

Seebeck Coefficient and Electrical Resistivity Measurement

27

Seebeck Measurement

Electrical Resistivity Measurement
F IGURE 3.4 SEEBECK AND E LECTRICAL RESISTIVITY MEASUREMENT SET U P

The data obtained from both measuring machines is exported as an Excel comma separated value
(CSV) file. The data processing then takes place as a successive set of steps. The data is individually
analyzed and formatted for each chemical composition. Once all samples from a set have been individually
analyzed, the data is brought together to see which chemical composition has improved or lessen the
thermoelectric properties of the material. After careful consideration of the potential of certain chemical
compositions, the microstructure and nanostructure of those samples is characterized and analyzed.

3.3 Microstructure and Nanostructure Characterization
The first characterization of the structure of the material is done right after the sintering process.
Once the samples are taken out of the tube furnace, they are imaged via a light microscope at a
magnification of 1000. This allows for the identification of impurities and / or possible contamination of
the samples. It also allows for a first approximation of the grain size of the ceramics.
The second step in the characterization of the structure is the microstructure characterization.
This is done using a scanning electron microscope, more specifically, a JEOL JSM-7600F SEM. The typical
voltage used for imaging is 15.0kV, and images are taken at 2000, 5000, and 10000 magnification from
both surface and fractured cross-section.
Some SEM images are also analyzed using ImageJ software in order to measure several structural
characteristics, such as porosity. As shown in Chapter 4, there are nanoparticles on samples from certain
concentration. The ImageJ analysis together with calculations allows for volume ratio approximations.
Using ImageJ software, surface and cross-section SEM images taken at x10000 magnification for each
chemical composition having nanoparticles are analyzed. Each picture has 4 sections analyzed to average
those results for that chemical composition. The area of each analyzed sections is calculated by the
software using the “set scale” function and using the scale shown on the SEM images. From those sections,
the particles are individually circled, and their area is returned by the software. From this first part of the
analysis, the area covered by nano particles and Ca3-x Co4 O9+δ Cex is approximated. For the volume of the
nano particles, each nano particle is assumed to have a spherical shape. The radius of each nano particle
from each section is calculated, and from the radius, the volume of the nano particles. Regarding the Ca3x Co4 O9+δ Cex grains, the cross-section length of the grains is measured from the SEM cross-section images,
and averaged. This average is used to calculate the volume occupied by the Ca3-x Co4 O9+δ Cex grains on
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the same area than the nano particles. The volume ratio is then calculated. The porosity of the samples is
approximated using similar method than the volume ratio. Using the threshold tool on ImageJ software,
the porosity area is measured, using the total area of the studied section, the percentage is calculated.
Figure 3.5 displays the steps to calculate the porosity percentage.

F IGURE 3.5 STEPS TO C ALCULATE THE P OROSITY PERCENTAGE USING I MAGE J S OFTWARE AND EXCEL

The third step in the structure characterization is analyzing the crystal phase of the samples and
the dimensions of the unit cell. In order to do so, a PANalytical XPert-Pro XRD using Cu K-α radiation, 45
kV tension and 40 mA current at room temperature is used. XRD patterns are collected on powder from
ground sintered samples. The dimensions of the unit cell are calculated using specific diffraction peaks.
Lastly, using Transmission Electron Microscope JEM-2100 operated at 200kV, the nanostructure
of the samples is analyzed. Electron diffraction, diffraction contrast, and high resolution TEM imaging
were performed. The TEM samples were prepared by mechanically polishing and ion milling in a liquidnitrogen cooled holder. High-angle annular dark-field (HAADF) Z-contrast imaging and nanoscale
chemistry analysis were performed using an Aberration-Corrected 200 kV (JEOL 2100F) STEM with the
inner cut-off angle of the HAADF detector set at >52 mrad.
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Chapter 4: Effect of Cerium Substitution in the Ca3-x Co4 O9+δ System
Following the experimental procedure described in Chapter 3, samples with the following
chemical composition were synthesized and analyzed: Ca3 Co4 O9+δ, Ca2.95 Co4 O9+δ Ce0.05, Ca2.9 Co4 O9+δ
Ce0.1, Ca2.85 Co4 O9+δ Ce0.15, Ca2.7 Co4 O9+δ Ce0.3, and Ca2.55 Co4 O9+δ Ce0.45. The changes in transport
properties, thermoelectric properties and on the micro / nano / structure induced by the Cerium
substitution are reported and discussed in the following sections.

4.1 Effects of Cerium Substitution on Structure, Microstructure and Nanostructure
4.1.1 Results
The effects of cerium substitution on the density of the materials is described in Table 4.1. Table
4.1 shows the apparent density, the calculated density for single crystal, the relative density to single
crystal of undoped CCO, and the relative density to single crystal of doped CCO, a cobalt oxide sample is
included as it later became part of the study as explained in later in this chapter. The highest relative
densities to single doped CCO are Ce 0.05 and Ce 0.45, with 84%. It is also useful to note the density jumps
from Ce 0.15 to Ce 0.3, the increase in density is of 4.8%, and from Ce 0.3 to Ce 0.45, a 4.5% increase in
density. The cobalt oxide sample has a higher density than the CCO material, the relative density to single
crystal was not calculated for that sample.
T ABLE 4.1 A PPARENT AND RELATIVE DENSITIES OF THE SAMPLES C A3- XC EXCO4 O9 WITH X = 0, 0.05, 0.1, 0.15, 0.3, 0.45
AND C OBALT O XIDE S AMPLE 83.

The first structural analysis was conducted with a light microscope. Pictures were taken from both
the top and bottom of the samples to check for reaction with the crucible. No noticeable reactions were
found on the bottom of the samples. The top surface is the surface tested in the cases of Seebeck
coefficient and electrical resistivity measurements, therefore.
Figure 4.1 shows the XRD data collected from the x-ray analysis. The expected peaks for CCO were
indexed on Figure 4.1 in red with the corresponding plane, and any additional peaks were marked in red.
The XRD data also showed decreasing intensity of the peaks corresponding to the (00l) planes around the
same chemical composition change, from Ce 0.15 to Ce 0.3.
Table 4.2 summarized the lattice parameters for the Ce substitution samples. From baseline to Ce
0.1, lattice parameters a, b1, c, and β decrease while b2 increases. From Ce 0.1 to Ce 0.3, lattice parameters
a, c, and β increase; b2 increases and b1 decreases to Ce 0.15 to increase again to Ce 0.3. From Ce 0.3 to
Ce 0.45, lattice parameters a, c, and β decrease, while b1, and b2 both increase. The ratio b2/b1 can be seen
to increase from baseline to Ce 0.1, then decrease until Ce 0.3, to increase again at Ce 0.45.
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F IGURE 4.1 XRD POWDER DIFFRACTION PATTERN FOR THE C A3-XC EXC O4O9 WITH X = 0, 0.05, 0.1, 0.15, 0.3, 0.45 SAMPLES .
T ABLE 4.2 LATTICE P ARAMETERS OF THE C A3- XC EXC O4O9 WITH X = 0, 0.05, 0.1, 0.15, 0.3, 0.45 SAMPLES .

The microstructure analysis was conducted by SEM imaging. Both the surface and the fractured
cross-section are analyzed. Three different magnification were used to take the images from both
viewpoints. Figures 4.2 and 4.3 shows x2000, Figures 4.4 and 4.5 shows x5000, and Figures 4.6 and
4.7 shows x10000. Each image from the cross-section view is taken in order to have the vertical axis
parallel to the pressing plane.
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F IGURE 4.2 S URFACE SEM I MAGES AT X 2000 OF C ERIUM DOPED S AMPLES WITH C HEMICAL COMPOSITION : A) C A3 C O4 O9+ Δ,
B ) C A2.95 C O4 O 9+ Δ C E 0.05 , C) C A2.9 C O4 O9+ Δ C E 0.1 , D) C A2.85 C O4 O 9+ Δ C E 0.15 , E ) C A2.7 C O4 O 9+ Δ C E 0.3 , AND F) C A2.55 C O4
O9+ Δ C E0.45.
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F IGURE 4.3 C ROSS -SECTION SEM IMAGES AT X 2000 OF C ERIUM D OPED S AMPLES WITH C HEMICAL COMPOSITION : A) C A3
C O4 O9+ Δ, B) C A2.95 C O4 O9+ Δ C E0.05 , C) C A2.9 C O4 O9+Δ C E0.1, D) C A2.85 C O4 O9+ Δ C E 0.15, E) C A2.7 C O4 O9+ Δ C E0.3 , AND F)
C A2.55 C O4 O9+ Δ C E0.45 .
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F IGURE 4.4 S URFACE SEM I MAGES AT X 5000 OF C ERIUM DOPED S AMPLES WITH C HEMICAL COMPOSITION : A) C A3 C O4 O9+ Δ,
B ) C A2.95 C O4 O 9+ Δ C E 0.05 , C) C A2.9 C O4 O9+ Δ C E 0.1 , D) C A2.85 C O4 O 9+ Δ C E 0.15 , E ) C A2.7 C O4 O 9+ Δ C E 0.3 , AND F) C A2.55 C O4
O9+ Δ C E0.45.
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F IGURE 4.5 C ROSS -SECTION SEM IMAGES AT X 5000 OF C ERIUM D OPED S AMPLES WITH C HEMICAL COMPOSITION : A) C A3
C O4 O9+ Δ, B) C A2.95 C O4 O9+ Δ C E0.05 , C) C A2.9 C O4 O9+Δ C E0.1, D) C A2.85 C O4 O9+ Δ C E 0.15, E) C A2.7 C O4 O9+ Δ C E0.3 , AND F)
C A2.55 C O4 O9+ Δ C E0.45 .
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F IGURE 4.6 S URFACE SEM I MAGES AT X 10000 OF C ERIUM D OPED SAMPLES WITH C HEMICAL COMPOSITION : A ) C A3 C O4
O9+ Δ, B) C A2.95 C O4 O9+ Δ C E0.05 , C) CA2.9 CO4 O9+ Δ C E0.1 , D) C A2.85 C O4 O9+ Δ C E0.15 , E ) C A2.7 C O4 O9+ Δ C E0.3, AND F) C A2.55
C O4 O9+ Δ C E0.45.
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F IGURE 4.7 C ROSS -SECTION SEM IMAGES AT X 10000 OF C ERIUM D OPED S AMPLES WITH C HEMICAL COMPOSITION : A) C A3
C O4 O9+ Δ, B) C A2.95 C O4 O9+ Δ C E0.05 , C) C A2.9 C O4 O9+Δ C E0.1, D) C A2.85 C O4 O9+ Δ C E 0.15, E) C A2.7 C O4 O9+ Δ C E0.3 , AND F)
C A2.55 C O4 O9+ Δ C E0.45 .

Figures 4.2 through 4.7 show a clear reduction in the texture of the grains. As for the grain
alignment, it first improves from baseline to Ca2.9 Co4 O9+δ Ce0.1 and Ca2.85 Co4 O9+δ Ce0.15, then decreases
to almost no alignment at all. When comparing cross-section images of Figures 4.3, 4.5, and 4.7 [c) and
f)], the clear change in grain size, texture is observable. The most noticeable feature from the SEM analysis
is the nanoparticles which start to appear on the surface at chemical composition Ca2.9 Co4 O9+δ Ce0.1 and
in the cross section at Ca2.85 Co4 O9+δ Ce0.15. In the baseline, we observe pancake shaped grains with poor
alignment in the pressing direction. As the Ce content increases past 0.1, the grain size decreases, for the
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baseline sample, the grains were as big as 3.57 μm and in the Ca2.55 Co4 O9+δ Ce0.45 sample the largest grains
were around 1.79 μm. It is important to note that the size of the nanoparticles is not changing with Ce
content, but instead the amount of nanoparticles present.
Following the microstructure study by SEM, additional analysis is conducted on some of the SEM
images. Using ImageJ software, the porosity and volume ratio between nanoparticles and Ca 3-x Co4 O9+δ
Cex grains were approximated following the procedure described in Chapter 3. The raw results from these
calculations are displayed in Table 4.3 below, while the summarized results are displayed in Table 4.4. The
additional analysis is conducted on samples with the following concentration: Ca2.85 Co4 O9+δ Ce0.15, Ca2.7
Co4 O9+δ Ce0.3, and Ca2.55 Co4 O9+δ Ce0.45. They are the concentration at which there are the most
nanoparticles. Ca2.95 Co4 O9+δ Ce0.15 having little to no particles depending on the area of the SEM image.
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T ABLE 4.3 RAW RESULTS OF P OROSITY AND V OLUME R ATIO OF D OPED CCO GRAINS / N ANOPARTICLES A PPROXIMATION FOR
B OTH SURFACE AND C ROSS -SECTION SEM VIEWS AT X10000 OF THE SAMPLES : C A2.85 C O4 O9+ Δ C E0.15 , C A2.7 C O4 O9+Δ C E0.3 ,
AND C A2.55 C O4 O 9+ Δ C E 0.45 .
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T ABLE 4.4 S UMMARY OF P OROSITY AND V OLUME R ATIO OF D OPED CCO GRAINS / NANOPARTICLES APPROXIMATION FOR
B OTH SURFACE AND C ROSS -SECTION SEM VIEWS AT X10000 OF THE SAMPLES : C A2.85 C O4 O9+ Δ C E0.15 , C A2.7 C O4 O9+Δ C E0.3 ,
AND C A2.55 C O4 O 9+ Δ C E 0.45 .

The surface porosity is steadily increasing when cerium content increases, while the cross-section
porosity decreases slightly from Ca2.85 Co4 O9+δ Ce0.15 to Ca2.7 Co4 O9+δ Ce0.3, only to noticeably increase to
around 9% for Ca2.55 Co4 O9+δ Ce0.45. The volume ratio of CCO doped grains to nanoparticles also decreases
as the Ce content increases. The lowest ratio is observed on the surface of sample Ca2.55 Co4 O9+δ Ce0.45.
The decrease in ratio indicates that there more nanoparticles for less CCO doped grains. The lower the
ratio is, the more nanoparticles can be observed.
Following the SEM analysis and the discovery of nanoparticles on chemical compositions Ca2.9 Co4
O9+δ Ce0.1, Ca2.85 Co4 O9+δ Ce0.15, Ca2.7 Co4 O9+δ Ce0.3, and Ca2.55 Co4 O9+δ Ce0.45 a TEM analysis is conducted.
The TEM analysis allows for confirmation of the chemical composition of the nano particles, and
information regarding cerium segregation or depletion at the grain boundaries. The TEM analysis is
conducted on only one sample with chemical composition Ca2.9 Co4 O9+δ Ce0.1. It is the first sample that
showed nanoparticles on its surface. Figure 4.8 and Table 4.5 shows the results of the EDS performed
where nanoparticles are present. The particles are confirmed to be CoOx particles. Figure 4.9 and Table
4.6 display the grain boundary analysis which did not show depletion nor segregation. Cerium seems to
be evenly distributed in samples with chemical composition Ca2.9 Co4 O9+δ Ce0.1.
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F IGURE 4.8 DIFFRACTION C ONTRAST I MAGES FROM THE C A2.9C E0.1C O4O9 S AMPLE . L OW M AGNIFICATION TEM IMAGES
S HOWING N ANOPARTICLES AND C A2.9C E0.1C O4O9 GRAINS , THE C IRCLED N UMBERS D EPICT THE LOCATION WHERE THE EDS
S PECTRA ARE T AKEN FROM .
T ABLE 4.5 C HEMICAL C OMPOSITION OF N ANOPARTICLES AND C A2.9C E0.1C O4 O9 GRAINS (S POTS 18-26) AS SHOWN IN F IGURE
8.

Atomic% O

Ca

Ce

Co

Formula

eds-18

72.88

27.12

CoOx

eds-19

75.78

24.22

CoOx

eds-20

75.86

24.14

CoOx

eds-21

71.75

28.25

CoOx

eds-22

73.14

26.86

CoOx

eds-23

69.93

15.99

(Ca2.89Ce0.11)Co3.41Ox

13.56

0.52

41

eds-24

69.68

eds-25
eds-26

13.94

0.49

15.90

(Ca2.90Ce0.10)Co3.31Ox

74.00

26.00

CoOx

74.32

25.68

CoOx

46

53
52
49
50
51

4140

45

44
47
48

39
42

2

43

0.2 µm

F IGURE 4.9 DIFFRACTION C ONTRAST I MAGES FROM THE C A2.9C E0.1C O4O9 S AMPLE . L OW M AGNIFICATION TEM IMAGES
S HOWING C A2.9C E0.1C O4 O9 G RAINS, W ITH FOCUS ON GRAIN B OUNDARIES . T HE C IRCLED N UMBERS D EPICT THE LOCATION
W HERE THE EDS SPECTRA ARE T AKEN FROM .
T ABLE 4.6 C HEMICAL C OMPOSITION OF C A2.9C E0.1C O4O9 GRAINS B OUNDARY AREA (S POTS 39, 44, AND 49) AND
C A2.9C E0.1C O4 O9 GRAINS (SPOTS 40, 41, 42, 43, 45, 46, 47, 48, 50, 51, 52, AND 53)

Atomic% O

Ca

Ce

Co

Formula

eds-39

74.87

11.34

0.54

13.24

(Ca2.86Ce0.14)Co3.34Ox

eds-40

75.97

10.26

0.50

13.27

(Ca2.86Ce0.14)Co3.70Ox

42

eds-41

76.70

9.93

0.44

12.93

(Ca2.87Ce0.13)Co3.74Ox

eds-42

73.54

12.34

0.50

13.61

(Ca2.88Ce0.12)Co3.18Ox

eds-43

72.42

12.30

0.49

14.79

(Ca2.89Ce0.11)Co3.47Ox

eds-44

73.23

12.50

0.49

13.77

(Ca2.89Ce0.11)Co3.18Ox

eds-45

76.04

10.71

0.49

12.76

(Ca2.87Ce0.13)Co3.42Ox

eds-46

76.52

10.53

0.39

12.57

(Ca2.89Ce0.11)Co3.45Ox

eds-47

73.35

12.57

0.49

13.59

(Ca2.89Ce0.11)Co3.12Ox

eds-48

72.60

12.02

0.45

14.94

(Ca2.89Ce0.11)Co3.59Ox

eds-49

74.71

9.83

0.51

14.95

(Ca2.85Ce0.15)Co4.34Ox

eds-50

75.15

10.51

0.51

13.83

(Ca2.86Ce0.14)Co3.76Ox

eds-51

72.28

11.91

0.59

15.23

(Ca2.86Ce0.14)Co3.66Ox

eds-52

72.46

10.36

0.56

16.61

(Ca2.85Ce0.15)Co4.56Ox

eds-53

71.84

11.74

0.66

15.76

(Ca2.84Ce0.16)Co3.81Ox

4.1.2 Discussion
The effects on the micro / nano / structure of the Cerium substitution on the Calcium site in the
Ca3 Co4 O9+δ thermoelectric material are discussed.
One of the most noticeable features observed in the structure analysis is the presence of
nanoparticles in Ce contents higher and equal to 0.1. CCO doped grains size is constant from baseline to
Ce 0.15, then a slight decrease in grain size is observed along with a slight change in grain shape, at Ce
0.45, these changes amplify. Under cerium content of 0.15, the pancake shape of the pellets can still be
observed. Figure 4.2 through 4.7 show the evolution of the grain texture and the grain size. We can also
observe that the reduction in size and texture leads to an increase in density, together with an increasing
porosity. Table 4.1 shows the density of the CoO sample. Being higher than the one of CCO and doped
CCO, meaning that despite the increasing porosity, the increasing amount of nano particles still leads to
an overall increase in density in samples Ce 0.3 and Ce 0.45.
Surprisingly, the nanoparticles were observed to increase in number with increasing Ce content,
but not increasing in size. Further investigation was needed on the particles, which led to XRD and TEM
analysis. The TEM analysis was able to confirm the composition of the nanoparticles, being cobalt oxide
particles. The TEM analysis was not able to precisely describe the phase of the particles, therefore
additional XRD analysis was conducted.
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The XRD analysis, Figure 4.1 and Table 4.2 show that Ce goes into Ca sites in the rock-salt layer,
this change in ionic size of the lattice host generates stress on the already misfit lattice, Ce being 3+ and
Ca being 2+, the Co atoms in the layers change their valence to 3+. The XRD analysis also showed
decreasing intensity of the peaks corresponding to the (00l) planes around the same chemical composition
change, from Ce 0.15 to Ce 0.3, meaning that the texture and grain alignment was decreasing. It was also
confirmed through the SEM analysis. The TE properties are also greatly diminished past Ce 0.15. The
behavior of the transport properties and the XRD analysis let us believe that there might be formation of
a secondary phase at Ce 0.3. There are new peaks appearing in the XRD analysis of Ce 0.3 and Ce 0.45, the
electrical resistivity behavior of these concentrations is different from the one of lower concentrations. A
more detailed structural and composition analysis will need to be done to explore the secondary phase
hypothesis.
How Ce is affecting the lattice of the CCO materials also needs to be discussed. From the data
gathered from the SEM analysis displayed on Figure 4.2 through 4.7, we know that nanoparticles start to
form around Ce 0.1. Meaning at concentration below Ce 0.1, the cerium atoms are incorporated within
the lattice where calcium is. When the concentration reaches 0.15, as discussed above, the texture and
grain alignment is decreasing in quality. This is because as more cerium is substituted and incorporated in
the CCO material more cobalt is taken out. The particles are cobalt oxide particles, which are more inclined
to form in the oxygen environment that the samples are synthesized in. Reaching concentration of Ce 0.3
and 0.45, the appearance of new peaks leads us to believe there might an additional secondary phase.
The presence of nanoparticles only starting at a Ce content of 0.1 indicates that Cerium has a
solubility limit within the CCO material. Once the Ce solubility is reached within the material, Ce starts to
drive Co out of the CCO grains to form CoO nanoparticles.
As discussed earlier, we can see that the size of the nanoparticles is remaining unchanged as more
Ce is substituted from Ce 0.15 to Ce 0.45. Indeed, from the SEM analysis, we can also see that the amount
of nanoparticles in the cross section is lower than the amount of nanoparticles found on the surface of
the material. The size of the nanoparticles remaining the same indicates that there is no particle growth,
but instead continuous nucleation of new particles. Based on available knowledge on particle growth and
nucleation of particles, this indicates that there is very little to no Co ion diffusion on the CCO grain surface,
otherwise we would see the nucleation of new particles stop and the particles would keep growing84,85.
The SEM analysis was also able to confirm that increasing number of nanoparticles on the material without
increasing in size leads to an increase in CoO – CCO interface and grain boundary density. These changes
will affect the transport properties and are discussed below
Driven by the natural opposition between electrical resistivity and Seebeck coefficient in
thermoelectric oxides, similar work on composites based on the CCO material and other composites has
been carried out by several research teams. Their research has shown that the CCO and the composite
material can retain their individual crystalline structure and individual properties. The combination of the
individual properties and their amount/distribution will affect positively or negatively the TE properties
of the material86,87.

4.2 Effects of Cerium Substitution on Transport Properties
4.2.1 Results
The results obtained from the electrical resistivity measurements show an increase in resistivity
when increasing the substituted amount of cerium. Figure 4.10 depicts the electrical resistivity of the six
chemical compositions ranging from the baseline material, to 0.45 Ce doping level.
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F IGURE 4.10 ELECTRICAL RESISTIVITY OF C ERIUM D OPED S AMPLES WITH C HEMICAL COMPOSITION : C A3 C O4 O9+ Δ, C A2.95 C O4
O9+ Δ C E0.05, C A2.9 C O4 O9+ Δ CE 0.1 , C A2.85 C O4 O9+ Δ C E0.15, C A2.7 C O4 O9+ Δ C E0.3, AND C A2.55 C O4 O9+ Δ C E0.45 .

As shown in the above figure, the electrical resistivity increases every time the amount of cerium is
increased. The two noticeable jumps in resistivity are from Ca2.9 Co4 O9+δ Ce0.1 to Ca2.85 Co4 O9+δ Ce0.15, going
from 74.8µΩm to 112.3µΩm equal to a 50% increase, and from Ca2.7 Co4 O9+δ Ce0.3 to Ca2.55 Co4 O9+δ Ce0.45
going from 127.9µΩm to 172.3µΩm equivalent to almost a 35% increase. Samples with chemical
composition Ca2.85 Co4 O9+δ Ce0.15 have a 91% increase in electrical resistivity compared to the baseline
material, while Ca2.55 Co4 O9+δ Ce0.45 samples show a 194% increase in resistivity. At high temperature the
lowest resistivity is recorded for the baseline sample to be 80μΩm, for Ca2.95 Co4 O9+δ Ce0.05: 84 μΩm, for
Ca2.9 Co4 O9+δ Ce0.1: 87μΩm, and for Ca2.55 Co4 O9+δ Ce0.45: 158μΩm.
For the samples with Ce doping level less and equal to 0.15, we observe a metallic behavior until
demonstrating a semiconductor transition at around 618K for baseline, 485K for Ca2.95 Co4 O9+δ Ce0.05, 385K
for Ca2.9 Co4 O9+δ Ce0.1 and 330K for Ca2.85 Co4 O9+δ Ce0.15. Those concentrations all experience another
transition back to metallic behavior at 860K, 885K, 930K, and 812K respectively. On the other hand, Ca 2.7
Co4 O9+δ Ce0.3 and Ca2.55 Co4 O9+δ Ce0.45 behave as semiconductors from room temperature up to 765K and
810K respectively. At those temperatures, they experience a transition to metallic behavior.
The results obtained from the thermal conductivity measurements show a decrease in thermal
conductivity when increasing the substituted amount of cerium up to a certain concentration. Figure 4.11
depicts the thermal conductivity of the six chemical compositions ranging from the baseline material, to
0.45 Ce doping level.

45

CCO - Baseline
CCO - Ce 0.1
CCO - Ce 0.3

1.9
1.85

CCO - Ce 0.05
CCO - Ce 0.15
CCO - Ce 0.45

1.8

Thermal Conductivity (W/mK)

1.75
1.7
1.65
1.6
1.55

1.5
1.45
1.4
1.35
1.3
1.25
1.2
1.15

300

400

500

600

700

800

900

1000

1100

Temperature (K)

F IGURE 4.11 T HERMAL C ONDUCTIVITY OF C ERIUM D OPED S AMPLES WITH C HEMICAL C OMPOSITION: C A3 C O4 O9+Δ , C A2.95
C O4 O9+ Δ C E0.05, C A2.9 C O4 O9+ Δ C E0.1 , C A2.85 C O4 O9+Δ C E0.15, C A2.7 C O4 O9+ Δ C E0.3 , AND C A2.55 C O4 O9+ Δ C E 0.45 .

As shown in the above figure, the thermal conductivity is decreasing from baseline up to , Ca2.85 Co4 O9+δ
Ce0.15, with, Ca2.85 Co4 O9+δ Ce0.15 showing the lowest thermal conductivity until 873K. At room
temperature, only, Ca2.7 Co4 O9+δ Ce0.3, and Ca2.55 Co4 O9+δ Ce0.45 have a thermal conductivity above the one
of the baseline. When the temperature increases, the behavior of the thermal conductivity changes. At
873K, the chemical composition with the highest thermal conductivity is Ca2.7 Co4 O9+δ Ce0.3 reaching
1.451W/mK, while the lowest thermal conductivity exhibited by Ca2.85 Co4 O9+δ Ce0.15 equals 1.288W/mK.
When the temperature increases above 873K, the thermal conductivity of Ca2.55 Co4 O9+δ Ce0.5 drops below
the one of Ca2.85 Co4 O9+δ Ce0.15, down to a value of 1.261W/mK, making it the lowest thermal conductivity
observed within the set of six chemical compositions.
The thermal conductivity has two main contribution, the lattice contribution and the electronic
contribution. As explained in Chapter 1, both contributions can be calculated. Figure 4.12 shows the lattice
and electronic contribution for each chemical composition over the measured temperature range.
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F IGURE 4.12 ELECTRONIC AND L ATTICE C ONTRIBUTION TO T HERMAL C ONDUCTIVITY OF C ERIUM D OPED S AMPLES WITH
C HEMICAL C OMPOSITION : C A3 C O4 O9+Δ , C A2.95 C O4 O9+ Δ C E0.05 , C A2.9 C O4 O9+Δ C E0.1 , C A2.85 C O4 O9+ Δ C E0.15, C A2.7 C O4
O9+ Δ CE 0.3, AND C A2.55 C O4 O9+ Δ C E0.45 .

The lattice contribution is shown to decrease with increasing temperature, and inversely, the electronic
contribution is increasing with increasing temperature. At lower temperature, Ca2.55 Co4 O9+δ Ce0.45 and
Ca2.7 Co4 O9+δ Ce0.3 have the highest lattice contribution respectively, followed by the baseline, Ca2.95 Co4
O9+δ Ce0.05, Ca2.9 Co4 O9+δ Ce0.1, and Ca2.85 Co4 O9+δ Ce0.15 in this order. Baseline has the largest electronic
contribution to the thermal conductivity, followed by Ca2.95 Co4 O9+δ Ce0.05, Ca2.9 Co4 O9+δ Ce0.1, Ca2.7 Co4
O9+δ Ce0.3, Ca2.85 Co4 O9+δ Ce0.15, and Ca2.55 Co4 O9+δ Ce0.45, in this order. The electronic contribution of Ca2.55
Co4 O9+δ Ce0.45 does not show noticeable increase with increasing temperature, while showing decreasing
lattice contribution, explaining why it drops at high temperatures.
After discovering the cobalt oxide nanoparticles on the samples with chemical composition Ca2.9
Co4 O9+δ Ce0.1, Ca2.85 Co4 O9+δ Ce0.15, Ca2.7 Co4 O9+δ Ce0.3, and Ca2.55 Co4 O9+δ Ce0.45, a sample of cobalt oxide
is made following the experimental procedure described in Chapter 3 in order to measure its thermal
conductivity. The same procedure is used to create the same material found on the cerium doped
samples. Figure 4.13 shows the measured thermal conductivity of the cobalt oxide sample with the ones
of the six chemical compositions studied in this work.
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F IGURE 4.13 T HERMAL C ONDUCTIVITY OF C OBALT OXIDE S AMPLES (C O OX) AND C ERIUM D OPED S AMPLES WITH C HEMICAL
C OMPOSITION: C A3 C O4 O9+ Δ, C A2.95 C O4 O9+ Δ C E 0.05, C A2.9 C O4 O9+ Δ C E 0.1, C A2.85 C O4 O9+ Δ C E0.15, C A2.7 C O 4 O9+ Δ C E0.3,
AND C A2.55 C O4 O 9+ Δ C E 0.45 .

As Figure 4.13 illustrates, the thermal conductivity of the cobalt oxide sample is much higher than any
other materials studied. It shows a considerable decrease as the temperature increases. The lowest values
of the thermal conductivity of the cobalt oxide samples are 1.89 at 973K and 1.93 at 1073K.

4.2.2 Discussion
The effects on the transport properties of the Cerium substitution on the Calcium site in the Ca3
Co4 O9+δ thermoelectric material are discussed.
The substitution of calcium for cerium leads to an increase in electrical resistivity. As seen in Figure
4.10 together with the SEM analysis, the noticeable increase in electrical resistivity is from Ce 0.1 to Ce
0.15, which also coincides with the distributed appearance of nanoparticles. The electrical resistivity
increase can be explained by the addition of nanoparticles increasing the grain boundary density of the
material, together with the grain alignment that starts to degrade.
The inconsistency in magnitude of increment is due to the nanoparticles of CoO which induce
additional scattering mechanism, and lead to an increase in electrical resistivity. The nanoparticles
together with the decrease in grain size, grain alignment and texture change cause the increase of the
electrical resistivity.
The cerium substitution in CCO leads to a decrease in thermal conductivity up to a certain amount.
Figures 4.11 through 4.13 show the thermal conductivity with respect to temperature of the increasing
Ce content material. Rare Earth materials have been shown to decrease thermal conductivity in CCO,
which can be also observed in our work 88,89.
Unlike other element substitution, this work with cerium has generated cobalt oxide
nanoparticles. Those nanoparticles have played a role in lowering the thermal conductivity of the material
by adding more phonon scattering mechanism, up to a certain point. At Ce 0.3, we can see the room
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temperature thermal conductivity jump and raise above the one of the baseline, and Ce 0.45 above the
previous concentration.
To better understand the contribution of the nanoparticle in the thermal conductivity,
quantitative analysis using the software ImageJ was conducted to estimate the content of nanoparticle
within a specific concentration. Our results were comparable to the ones from Delorme F. et al., where
they produced CCO(1-x) – CoO(x) composite with x = 0, 10, 20 and 50 (vol%). They measured the thermal
diffusivity of their samples, which can be related to the thermal conductivity by the following equation,
where α if the thermal diffusivity, k is the thermal conductivity, ρ is the density of the material, and Cp is
the specific heat capacity.
∝=

𝑘
𝜌 𝐶𝑝

Which also allows us to compare our results (thermal conductivity) with theirs (thermal diffusivity). If the
thermal diffusivity increases or decreases, the thermal conductivity will be proportionally affected, at least
at low to room temperature. Delorme F. et al. found a decreasing thermal diffusivity when the percent
volume of cobalt oxide was increased, at lower temperatures. At higher temperatures, the thermal
diffusivities of his differently doped materials are similar. Which is coherent with our results showing clear
difference in thermal conductivities at lower temperature but at higher temperature showing similar
thermal conductivities. Which can be attributed to structural changes happening as the temperature
increases, leading the specific heat capacity to change, and most likely a density change as well 42. Most
material expand when heated, which causes the density to decrease. Results in Table 4.4 show that the
sample with concentration Ce 0.45 has the highest porosity percentage, but also the smallest ratio of CCO
grains to nanoparticles. We know and have measured the thermal conductivity of the CoO material to be
higher than the one of CCO. Around lower temperatures, at 100°C, the thermal conductivity of CoO is
almost 4 times greater, compared to only 1.4 times greater at 800°C. The sample with concentration Ce
0.3, on the other hand, does not show similar behavior. It does not show such a decrease at high
temperature. This means that the nanoparticles play an important role in the thermal conductivity of the
material. At room temperature, Ce 0.45 is more porous than Ce 0.3 and shows higher thermal
conductivity, whereas at high temperature it shows lower thermal conductivity. The material must be
undergoing structural change when the temperature increases. The thermal expansion of the porous
material can partially explain the difference between the thermal conductivities of Ce 0.3 and Ce 0.45 at
high temperature.

4.3 Effects of Cerium Substitution on Thermoelectric Properties
4.3.1 Results
The results obtained from the Seebeck coefficient measurements show an increase in resistivity
when increasing the substituted amount of cerium. Figure 4.14 depicts the Seebeck coefficient of the six
chemical compositions ranging from the baseline material, to 0.45 Ce doping level.
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F IGURE 4.14 SEEBECK C OEFFICIENT OF C ERIUM D OPED SAMPLES WITH C HEMICAL COMPOSITION: C A3 C O4 O9+ Δ , C A2.95 C O4
O9+ Δ C E0.05, C A2.9 C O4 O9+ Δ CE 0.1 , C A2.85 C O4 O9+ Δ C E0.15, C A2.7 C O4 O9+ Δ C E0.3, AND C A2.55 C O4 O9+ Δ C E0.45 .

The results show little variation in the Seebeck coefficient among the different doping level throughout
the measured temperature. There is an increase of the Seebeck coefficient with increasing cerium doping
level from baseline to Ca2.85 Co4 O9+δ Ce0.15. The Seebeck coefficient drops from Ca2.85 Co4 O9+δ Ce0.15 to Ca2.7
Co4 O9+δ Ce0.3 and rises again from Ca2.7 Co4 O9+δ Ce0.3 to Ca2.55 Co4 O9+δ Ce0.45. At higher temperatures, the
Seebeck coefficients of Ca2.7 Co4 O9+δ Ce0.3 and Ca2.55 Co4 O9+δ Ce0.45 are overlapping, just like the Seebeck
coefficient of Ca3 Co4 O9+δ and Ca2.95 Co4 O9+δ Ce0.05. Throughout the measured temperature range, the
highest Seebeck coefficient is of Ca2.85 Co4 O9+δ Ce0.15, reaching 217μV/K at around 1073K, closely followed
by Ca2.55 Co4 O9+δ Ce0.45. The lowest Seebeck coefficient observed belongs to the baseline material, equal
to 205μV/K at around 1073K.
Having measured the Seebeck coefficient and the electrical resistivity, the power factor (PF) can
be calculated and returned by the software. Figure 4.15 shows the power factor from room temperature
to 1073K.
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F IGURE 4.15 POWER F ACTOR OF C ERIUM D OPED S AMPLES WITH C HEMICAL C OMPOSITION: C A3 C O4 O9+ Δ , C A 2.95 C O4 O9+ Δ
C E0.05, C A2.9 C O4 O9+ Δ C E0.1, C A2.85 C O4 O9+ Δ C E0.15, C A2.7 C O4 O9+ Δ C E 0.3, AND C A2.55 C O4 O9+ Δ C E0.45 .

The power factor, being a combination of the electrical resistivity and the Seebeck coefficient, shows
which composition has the best Seebeck/resistivity ratio and which one has the worst. Having the largest
electrical resistivity, Ca2.55 Co4 O9+δ Ce0.45 ends up with the lowest PF, even though it ranks second in the
Seebeck coefficient. Chemical compositions Ca2.85 Co4 O9+δ Ce0.15 and Ca2.7 Co4 O9+δ Ce0.3, have the second
lowest power factors, as it would be expected from the samples showing the second and third largest
electrical resistivity. The power factor of the baseline, Ca2.95 Co4 O9+δ Ce0.05, and Ca2.9 Co4 O9+δ Ce0.1, overlap
throughout the measured temperature range. At high temperatures, the samples with the highest power
factors are samples with 0.1 cerium doping level. It makes sense considering that it has one of the lowest
electrical resistivity and one of the highest Seebeck coefficient.
Figure 4.16 illustrates the dimensionless figure of merit, zT, versus increasing temperature. At
room temperature, the baseline sample has the highest zT of 0.0687 and Ca 2.55 Co4 O9+δ Ce0.45 has the
lowest of 0.0280. At high temperature, Ca2.9 Co4 O9+δ Ce0.1 has the highest zT of 0.4032, while Ca2.55 Co4
O9+δ Ce0.45 has the lowest of 0.2507. Overall, Ca2.9 Co4 O9+δ Ce0.1 shows the best zT on the measured
temperature range.
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F IGURE 4.16 C ALCULATED DIMENSIONLESS FIGURE OF MERIT AS A FUNCTION OF TEMPERATURE OF C ERIUM D OPED SAMPLES
WITH C HEMICAL C OMPOSITION: C A3 C O4 O9+ Δ, C A2.95 C O4 O 9+ Δ C E 0.05 , C A2.9 C O4 O 9+ Δ C E 0.1 , C A2.85 C O4 O 9+Δ C E 0.15 , C A2.7
C O4 O9+ Δ C E 0.3, AND C A2.55 C O4 O9+ Δ C E0.45 .

4.3.2 Discussion
The effects on the thermoelectric properties of the Cerium substitution on the Calcium site in the
Ca3 Co4 O9+δ thermoelectric material are discussed.
The Seebeck coefficient at room temperature increases from baseline to Ce 0.15, which according
to this work can be attributed to the change in ratio of Co3+ and Co4+ induced by cerium doping in calcium
sites. Once the nanoparticles start forming around Ce 0.1, we can see the Seebeck coefficient increase
being more noticeable, this could be due to the Seebeck contribution for the CoO particles. Then at Ce
0.3, it slightly decreases and remains the same for Ce 0.45, which could be attributed to the presence of
an additional secondary phase, which has not been thoroughly explored as the performance of those
concentrations is far from the aim of this research.
The power factor, being a product of the Seebeck coefficient square and the electrical conductivity
(inverse of the electrical resistivity) follows the trend of the Seebeck coefficient. After remaining constant
from baseline to Ce 0.15, the power factor gradually decreases to Ce 0.45. These changes affect the
dimensionless figure of merit zT directly and lead to the best zT being recorded for Ce 0.1 around 0.4. It is
important to note that Ce 0.1 is the concentration at which we started seeing CoO nanoparticles. Even
though their numbers were small, they must have contributed to the overall improvement of the figure
of merit.
As shown in equation 2, the dimensionless figure of merit, zT, depends greatly on the electrical
resistivity, the Seebeck coefficient, the thermal conductivity and the temperature. The above discussion
of the effect of cerium doping into the CCO are in accordance with the change in zT.
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4.4 Summary
In this chapter, the effects of the Cerium substitution for the Calcium site in the Ca 3 Co4 O9+δ
material on the structure, transport properties and thermoelectric properties have been discussed. It was
shown that the formation of cobalt oxide nano particles was induced by the Cerium substitution starting
at chemical composition Ca2.9Ce0.1Co4O9+δ. A drastic increase in nano particles is noticed from
Ca2.9Ce0.1Co4O9+δ to Ca2.85Ce0.15Co4O9+δ. The nano particles increase in number as the substituted Cerium
content increases. Moreover, it was shown that Cerium doping can improve the texture of the material,
the texture was improved up to chemical composition Ca2.9Ce0.1Co4O9+δ. It can also increase the grain size
up to chemical composition Ca2.95Ce0.05Co4O9+δ. Cerium has shown no sign of segregation of depletion
whether at grain boundaries or within the grain interior. Cerium substitution has led to increasing
electrical resistivity, decreasing thermal conductivity (up to Ca2.85Ce0.15Co4O9+δ), and increasing Seebeck
coefficient (up to Ca2.85Ce0.15Co4O9+δ). Resulting in a slightly improved figure of merit for Ca2.95Ce0.05Co4O9+δ
and Ca2.9Ce0.1Co4O9+δ compared to the one of the baseline. The nano-inclusions have affected all transport
properties as they introduced: additional scattering events, and the nanoparticles Seebeck contribution.
Nano-inclusions in the Ca2.9Ce0.1Co4O9+δ material can be beneficial for the overall improvement of the
thermoelectric properties.
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Chapter 5: Conclusion and Suggestions for Future Work
5.1 Conclusion
This Master thesis encompassed the synthetization, characterization and analysis of p-type
thermoelectric ceramic oxide Ca3-x Co4 O9+δ Cex for high temperature application. The sol-gel route
described in this work proved to be an efficient conventional method to synthetize the ceramic oxide. The
measurement methods also proved to be efficient and practical to measure the anisotropic properties of
the material. The results show that the electrical resistivity does not improve, but the thermal conductivity
and the Seebeck coefficient are simultaneously enhanced improving the figure of merit of
Ca2.95Ce0.05Co4O9+δ and Ca2.9Ce0.1Co4O9+δ compared to Ca3Co4O9+δ. As well as agreeing with previous work
done with rare earth element in the decrease of the thermal conductivity and increase of the Seebeck
coefficient. Cerium did not segregate at the grain boundaries nor in single element particles.
It was shown that after reaching the solubility limit, Cobalt oxide nano-inclusion formation was
induced by the Cerium stoichiometric doping in the Calcium site. The nano-inclusions affected the
thermoelectric properties. The large nano-inclusions increased the scattering events, and the Cobalt
Oxide particles have a Seebeck contribution to the overall Seebeck of the composite material. The density
distribution seem to be controllable, with the more Cerium substituted, the more induced nano-inclusions
without changing the particle size.
Nano-inclusions can result in enhanced thermoelectric properties for the Calcium Cobalt Oxide
layered material if they are dense and small.

5.2 Suggestion for Future Work
Cerium substitution for calcium in the Ca3 Co4 O9+δ material has shown to increase the
thermoelectric properties to a certain extent. While also decreasing the thermal conductivity, agreeing
with previous work done on rare earth element. As suggestions for future work I would suggest to
compare and study which of the rare earth element is more efficient at lowering the thermal conductivity
of the material. I would also suggest, based on the formation of the nanoparticles, to use cerium as a
candidate for dual doping and see if the properties of the material can be even more improved. Additional
analysis can also be conducted on the higher cerium doping level in order to identify the additional
secondary phase and its effect on the transport properties. Lastly, I would suggest to investigate improving
the thermoelectric properties of Ca3Co4O9+δ with self-inducing dense nano-inclusions resulting from
stoichiometric substitution with controllable density distribution.
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